Abstract | The use of umbilical cord blood (UCB) as an alternative haematopoietic cell source in lieu of bone marrow for haematopoietic reconstitution is increasingly becoming a mainstay treatment for both malignant and nonmalignant diseases, as most individuals will have at least one available, suitably HLA-matched unit of blood. The principal limitation of UCB is the low and finite number of haematopoietic stem and progenitor cells (HSPC) relative to the number found in a typical bone marrow or mobilized peripheral blood allograft, which leads to prolonged engraftment times. In an attempt to overcome this obstacle, strategies that are often based on native processes occurring in the bone marrow microenvironment or 'niche' have been developed with the goal of accelerating UCB engraftment. In broad terms, the two main approaches have been either to expand UCB HSPC ex vivo before transplantation, or to modulate HSPC functionality to increase the efficiency of HSPC homing to the bone marrow niche after transplant both of which enhance the biological activities of the engrafted HSPC. Several early phase clinical trials of these approaches have reported promising results.
Introduction
An estimated 30,000 umbilical cord blood (UCB) transplants have been performed worldwide to treat patients with various malignant and nonmalignant diseases. 1, 2 As hoped, the risks of acute and chronic graft-versushost disease (GVHD) after matched or mismatched UCB transplants are not substantially higher than those observed in patients transplanted with bone marrow, and in many studies overall outcomes are comparable. 2, 3 Units of UCB have a high density of multi-lineage haematopoietic progenitors; however, the total volume of a given UCB transplant is low (generally 60-100 ml), which contributes to delayed haematopoietic recovery. 4 Unrelated donor or sibling bone marrow as stem-cell sources have a median time to engraftment (most often defined by a neutrophil count ≥500 cells per μl of blood) of 16-18 days, mobilized peripheral blood stem cells can engraft in 13-15 days, whereas UCB has a median time to engraftment of greater than 3 weeks (Figure 1) . [5] [6] [7] [8] [9] Today, we know that a high dose of total nucleated cells (TNC) and haematopoietic progenitor cells (often m easured as granulocyte-macrophage colony-forming units [CFU-GM]), and high numbers of CD34 + cells in the UCB graft predict an increased likelihood of successful engraftment, and faster times to neutrophil and platelet recovery. 10 Universally, cell dosages are measured in terms of body weight (in kg) of the recipient. Whereas high UCBcell doses can be achieved in small children undergoing an UCB transplant, the same cannot be said for adults, who often weigh >70 kg. Thus, new strategies are needed to accelerate and ensure engraftment. 3, 11 Haematopoietic stem and progenitor cells (HSPC) undergo three main activities after transplant. First, HSPC migrate or 'home' to the bone marrow microenvironment or 'niche', guided by distinct biological mediators. Second, HSPC undergo expansion and occupy the niche space. Third, HSPC undergo differentiation to reconstitute the haematopoietic system consisting of neutrophils, red blood cells, platelets, lymphocytes, and so on, in a process closely coupled to cell expansion ( Figure 2 ). The two main approaches to increase UCB engraftment have been either to expand UCB ex vivo to achieve greater numbers of HSPC before transplantation (that is, increase the cell dose) or to augment homing of the limited number of UCB HSPC to the bone marrow niche. This Review focuses on the approaches to realize these strategies and the results of the various clinical trials of these strategies that have been completed. A summary of ongoing and completed clinical trials involving the approaches covered in this Review is given in Table 1 .
Strategies to expand UCB
Cytokine-mediated expansion The early work of pioneers such as Friedenstein, Dexter and Metcalf (to name a few) focused on increasing our understanding of how to grow, maintain and derive the various lineages of HSPC. The conditions for in vitro culture of HSPC generally involved (and still involve) isolation of bone marrow cells, followed by incubation in a defined growth medium with the addition of serum (often horse or bovine in origin). 12 The growth medium usually contains a combination of cytokines such as stem cell factor (SCF, also known as Kit ligand), thrombopoietin, IL-3, IL-6 and granulocyte colony-stimulating factor (G-CSF), which have been shown to increase total cell numbers and progenitor cell p opulations, as measured by the colony forming unit (CFU) assays. [13] [14] [15] [16] [17] These initial studies led into an early clinical trial by Shpall and colleagues, 18 which evaluated the feasibly of cytokine-mediated UCB expansion in 37 patients undergoing myeloablative UCB transplantation. One portion of UCB that had been previously frozen in two portions (generally the smaller one) was cytokine-expanded for 10 days. Patients received the unmanipulated portion on day 0, with the expanded UCB unit given either concomitantly (arm 1), or 10 days later (arm 2). 18 The approach of infusing a portion of an unmanipulated UCB unit was used because, at the time, it was unknown if cytokine-expansion would result in graft failure, leaving the patient without a haematopoietic system-a fatal condition.
The data, combined from each arm, showed a TNC expansion of 56-fold and a CD34 + -cell expansion of fourfold (Table 2) . 18 The median time to neutrophil and platelet engraftment was 26 days and 126 days, respectively; no graft failures were observed. 18 Four patients died within 30 days of engraftment due to infection. 18 No statistically significant difference existed between the two arms of the study in terms of engraftment. 18 Acute GVHD was seen in 20 of 30 evaluable patients (66.7%) and chronic GVHD in 14 of 19 evaluable patients (74%). 18 These rates of GVHD are somewhat higher than those typically observed in contemporary studies of UCB transplantation, which might reflect a change in the biology of HSPC after expansion or less-precise HLA typing (compared with current standards), both of which affect GVHD rates. 19 After a median follow-up of 30 months, 12 of 37 patients were alive. 18 Although the patient numbers were small, this early trial showed that UCB could be expanded and safely infused into patients without resulting graft failure. This trial was a pivotal milestone, as it was unclear at the time what the outcomes of using an expanded UCB would be in the human transplant setting and whether cells would persist long term; however, the overall impact on time to engraftment remained uncertain. First, in one arm, the expanded cells were infused 10 days after infusion of unexpanded cells, before any relevant engraftment had occurred, making it difficult to determine any true clinical effect. Second, measuring the contribution of the expanded population to early and late haematopoietic recovery was impossible because it was derived from the same UCB unit as the unexpanded population. For clinical trials in which a single UCB unit is expanded, it is difficult to determine the effect on engraftment unless a truly substantial shortening of time to engraftment (that is, a decrease of 7-10 days) is achieved in comparison with historical controls.
Copper-chelation-mediated expansion
Early observations in patients with copper deficiency revealed decreased granulopoiesis and erythropoiesis, and the bone-marrow biopsies of these patients showed a decrease in mature granulocyte numbers, but an increase in the numbers of pro-myelocytes and myelocytes, compared with patients without copper deficiency. 20, 21 These observations led to an early hypothesis that copper deficiency caused a block in myelocyte maturation. If that hypothesis were true, then perhaps a block in maturation could enable populations of more-primitive haematopoietic stem cells to be expanded. Work reported by Peled et al. 22 showed that one could lower cellular copper levels using tetra-ethylenepentamine (TEPA), a copper chelator, and extend the lifespan of CD34 + cells as well as the number of CFU.Subsequently, it was shown that UCB CD34 + cells exposed to TEPA did indeed have a reduced rate of differentiation and showed increased engraftment in a nonobese diabetic/severe combined immunodeficient (NOD/SCID) murine model, which led to a clinical trial. [22] [23] [24] As before, UCB units were frozen in two portions, ranging from 50/50 to 20/80 splits, prior to expansion and/or transplantation. 24 The smallest portion was thawed, CD133 + cell selection was performed to enrich for HSPC and cells were then expanded for 21 days using a cytokine cocktail containing TEPA. 24 Expansion resulted in a median 161-fold increase in TNC. 24 
CD34
+ cell numbers were not measured in the thawed unit before expansion to conserve cells, but when measured in the unmanipulated unit and extrapolated to the preexpanded portion, the estimated median expansion of CD34 + cells was 2.3-fold. 24 After the preparative regimen, patients received the unmanipulated portion of UCB, followed by the expanded cells 24 h later. 24 Engraftment was achieved in nine of 10 patients, with a median time to neutrophil recovery of 30 days. 24 All engrafted patients showed 100% chimerism. 24 Four patients developed grade 2 acute GVHD of the skin, but no grade 3-4 acute Key points ■ Umbilical cord blood (UCB) transplantation is limited by cell doses, especially for adult recipients ■ UCB can be expanded in vitro greater than 500-fold ■ UCB can be 'primed' just before infusion to influence cellular homing ■ Cell expansion or modulation of cell homing can alter engraftment kinetics in recipients ■ These strategies can increase the rapidity of engraftment and the next generation of clinical trials will determine the clinical efficacy of such approaches 24 Four of eight patients surviving for more than 100 days developed chronic GVHD. 24 Six of 10 patients were alive at 180 days (one died of relapse and three from infectious complications). 24 This study showed that TEPA-treated, cytokineexpanded UCB could be safely infused into patients without an increase in nonrelapse mortality (at day 100 in comparison with historical controls). As with cytokinemediated expansion, whether or not there was any decrease in time to engraftment was difficult to determine, and the median time to engraftment of 30 days was within the range for a single, unexpanded UCB-unit; it was suggested that the methotrexate used for GVHD prophylaxis could have promoted some delay in engraftment. 24 A f ollow-up study with planned enrolment of 100 patients with haematological malignancies under going an allogeneic myeloablative transplant is nearing com pletion. This follow-up study is not randomized for TEPA expansion, but might nevertheless provide additional information about the effectiveness of TEPA-mediated expansion on single UCB-unit engraftment.
The double UCB platform Another approach to achieve increased numbers of UCB HSPC for transplantation is the use of two donor UCB units. An additional benefit to the use of a double UCB platform that will be reiterated, is that one unit can be culture-expanded or treated (to alter homing, for example), in advance of the scheduled transplant day, while the other unit is left unmanipulated (Figure 3 ). This strategy also has the unique advantage of trace ability, as the manipulated unit is genetically distinguish able from the unmanipu lated unit based on HLA geno typing, enabling one to track the individual chimeric contribution from each unit (often through short tandem repeat determination). Furthermore, if the manipulated product were damaged or impaired by the procedure, the second unit would be capable of complete haematopoietic r econstitution alone, increasing clinical trial safety.
The safety of using two UCB units without expansion has been established, 25 and the overall outcomes of double UCB transplantation have been shown to be comparable to those of matched-related donor and matched-unrelated donor bone-marrow transplants. [26] [27] [28] [29] Although there was initial concern that two UCB units might react negatively against each other in a 'graft-versus-graft' reaction, this reaction has not been observed. Generally, after double UCB infusion, one UCB unit predominates by 100 days following transplant. Many studies have tried to predict which unit will ultimately 'win out' , and evidence indicates that early CD3 + cell engraftment, the presence of anti-HLA antibodies, and a high post-thaw dose of CD34 + cells and TNC can predict which UCB unit will engraft. [30] [31] [32] [33] Another study suggested that the chimerism in CD4 + -cell, CD8
+ -cell and natural killer (NK)-cell subsets was established by the 'winning' UCB unit as early as 11 days post-transplant. 34 Although no single absolute predictor exists, the evidence does suggest that the final engrafting UCB unit establishes itself early in the transplant process.
The idea that one or more cellular subsets can play an important part in predicting UCB engraftment should guide future studies of UCB expansion and homing, as UCB manipulation will undoubtedly change the makeup of the cellular subpopulations therein. Double UCB transplantation is a reasonable alternative to single UCB t ransplantation if cell dose is limiting or if a dequately matched bone-marrow donors cannot be found.
Notch-mediated expansion
The Notch family of receptors (Notch 1-4) and their ligands (Jagged-1 and Jagged-2, and Delta-like (DLL) 1, DLL3 and DLL4) have diverse and key roles in a wide range of biological processes-from organ development to cancer metastases. 35, 36 Early work initially suggested a role for Notch in haematopoiesis, with the detection of human Notch 1 on CD34 + human haematopoietic precursor cells. 37 Subsequently, several studies determined that the ligands of Notch 1, Jagged-1 and DLL1 could promote expansion of haematopoietic progenitor cells, and that the use of an immobilized form of DLL1 fused to the Fc portion of human IgG 1 (DLL1 ext-IgG ) was key to ideal activation. 38, 39 By using this immobilized form of DLL1 and a defined cytokine cocktail to expand murine HSPC, it was found that one could achieve a 4-5-fold log increase in cell numbers, with the cells also retaining the capacity for short-term myeloid and lymphoid engraftment when tested in competitive repopulation assays. [39] [40] [41] Further work using human haematopoietic progenitor cells from UCB (that is, CD34 + CD38 -cells) that were exposed to immobilized DLL1 in the presence of human cytokines-SCF, Flt3 ligand, IL-6, thrombopoietin and IL-3-resulted in no increase in total cell number, but a 10-fold increase in the number of CD34 + cells and an enhanced r epopulating ability in an immunodeficient mouse model. 42 Figure 2 | Activities of HSPC required for successful umbilical cord blood engraftment. HSPC home toward the bone marrow (1), expand within the bonemarrow microenvironment (2) and differentiate into mature cell lineages (3). Listed below each activity are the mediators that have been used in strategies to modulate UCB engraftment. Note that MSC are present in the marrow 'niche' microenvironment. Abbreviations: DLL1, Delta-like ligand 1; G-CSF; granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; HSPC, haematopoietic stem and progenitor cells; MSC, mesenchymal stromal cells; PGE 2 , prostaglandin E2; SCF, stem cell factor; SDF-1, stromal cell-derived factor-1; TEPA, tetra-ethylenepentamine; TPO, thrombopoietin. Nature Reviews | Clinical Oncology
REVIEWS
The double UCB platform was used in a study of patients undergoing a myeloablative transplant who received one unmanipulated UCB unit along with a second UCB unit previously expanded in the presence of DLL1 ext-IgG . 43 There was a 562-fold increase in the number of TNC and a 164-fold increase in the number of CD34 + cells in the expanded UCB. 43 The median time to engraftment was markedly shortened to 16 days, compared with the historical control of 26 days at the same institution, using the same conditioning and post-transplant immuno suppressive regimens. 43 Importantly, there were no infusional toxicities, and engraftment occurred in nine of the 10 patients. 43 Grade 2 acute GVHD was observed in all but one of the evaluable patients, with one patient developing grade 3 acute GVHD. 43 Contribution to early myeloid recovery at 7 days posttransplant was derived almost entirely from the expanded UCB unit, although it did not persist beyond 14 to 21 days post-transplant. 43 The investigators hypothesized that the reduced time to neutrophil recovery suggested a potential facilitating effect exerted by the ex vivo expanded cells on the nonmanipulated unit. 43 Longer-term in vivo persistence of progeny from the expanded cell graft was observed in two of the nine evaluable patients. 43 In one patient, analysis at day 240 post-transplant revealed that a portion (10-15%) of the donor cells were derived from the expanded graft; 43 however, by 1 year post-transplant 100% of haematopoietic cells were derived from the unmanipulated graft. 43 In the second patient, the contribution of the expanded cell population ranged from 25% to 66% of total donor engraftment. 43 Unfortunately, this patient died from a septic event 6 months after the transplant. 43 The lack of contribution to long-term engraftment in this study suggests a deficiency of true haematopoietic-stemcell expansion, and that early myeloid recovery was the result of short-term repopulating progenitor cells.
MSC-mediated expansion
Several niches exist in the bone-marrow microenvironment, including endothelial, osteoblastic, perivascular and others, and they all have various roles in the maintenance of HSPC. Strategies using cytokines and/ or Notch-ligand engagement serve to mimic biological growth and maintenance mechanisms that occur in the native bone-marrow environment governed by the niche cells. The best ex vivo niche model is that of the mesenchymal stromal cells (MSC), which are derived from the nonhaematopoietic portion of the bone marrow after in vitro culture expansion under the proper conditions. 44 Evidence is mounting that MSC arise from perivascular cells in the marrow, and therefore many other vascularized tissues are able to give rise to MSC, as demonstrated in several studies. [45] [46] [47] MSC secrete many of the cytokines and ligands that support HSPC growth and expansion, including CSF, GM-CSF, IL-6 and DLL1, which gives credibility to the idea that cytokine-mediated strategies to expand UCB have a basis in the natural interaction between niche-secreted factors and HSPC. 48 ,49 UCB mononuclear cells expand in greater quantities in the presence of MSC than with growth factors alone: the expansion reported in early preclinical studies resulted in a 6-20-fold increase in TNC; an 8-37-fold increase in CD34 + cells; and a 3.5-200-fold increase in CFU potential. 50, 51 Finally, MSC from 'third-party' donors expanded UCB as well as MSC from donors related to the recipient, enabling an 'off-the-shelf ' MSC product to be created. 50, 51 In the most-recently reported clinical trial of MSCmediated expansion, 52 MSC were expanded from offthe-shelf mesenchymal precursor cells, allowing the cells to be readily available and grow to numbers required for UCB co-culture within 4 days. 52 The early results of this clinical trial were reported in a study involving 31 patients undergoing myeloablative haematopoietic-stem-cell transplant ation (HSCT). Seven patients received UCB expanded on MSC derived from family members and 24 patients received UCB expanded on third-party MSC; all patients also received a second unmanipulated UCB unit. 52 MSC-expanded UCB showed a 12.2-fold increase in TNC, a 30.1-fold increase in CD34 + cells and a 17.5-fold increase in CFU formation. 52 The median time to engraftment was 15 days, and 23 of 24 patients who received UCB expanded on third-party MSC achieved engraftment (one patient died of early fungal sepsis before engraftment); 52 median time to platelet recovery was 42 days. 52 Early chimerism between days 21-30 showed that 54% of the patients had chimerism from the unmanipulated unit alone, whereas 46% had chimerism from both UCB units. 52 At 6 months, only 13% of the patients had chimer ism from the expanded unit, and at 1 year, all patients had chimerism prevailing from the unmanipulated unit. 52 The rate of acute grade 2-4 GVHD was 42%
and the incidence of acute grade 3-4 GVHD was 13%. 52 These data show that MSC-expanded UCB can engraft, albeit temporarily, and do so in an earlier time frame than historical UCB engraftment. Similar to the clinical trial of Notch-mediated expansion, 43 the unmanipulated UCB product was responsible for long-term engraftment, 52 which suggests that there is a common process at work in these expansion strategies.
Nicotinamide-mediated expansion
Nicotinamide is a form of vitamin B 3 and the precursor to oxidized nicotinamide adenine dinucleotide (NAD). Several enzymes are dependent on NAD for function, namely the sirtuin family. A prototypical sirtuin family member, SIRT1, has a myriad of biological effects with activities involving cell division, DNA repair and cellshape control in many cell types including endothelial, cardiac and skeletal muscle. [53] [54] [55] [56] Importantly, haematopoietic cells from Sirt1 -/-mice show a decrease in the requirement for growth factors in in vitro culture and an increase in growth capacity.
55 SIRT1, although dependent on NAD, is inhibited by its precursor, nicotinamide. Peled et al. 57 took advantage of the fact that this vitamin can inhibit SIRT1 and used nicotinamide in co-culture with SCF, thrombopoietin, IL-6 and Flt3 ligand to expand CD34 + CD38 -cells from UCB over a period of 21 days to increase engraftment in mouse models of HSCT. Interestingly, NAD regulation can occur through metabolic pathways within MSC. 58 Furthermore, MSC function can also be affected by NAD levels, 58, 59 once again demonstrating that the nicotinamide-mediated expansion strategy might mimic a native process within the bone-marrow microenvironment. On the basis of these preclinical studies, a clinical product was developed, NiCord® (Gamida-Cell, Israel), for use in phase I and phase II clinical trials. A pilot safety and efficacy study has been completed in 11 adults with haematological malignancy under going myeloablative double UCB transplant, showing a 486-fold expansion in TNC and 72-fold expansion in numbers of CD34 + cells after treatment of one UCB unit with NiCord® plus cytokines. 60 The median time to engraftment was 13 days, with one patient developing graft failure. 60 Six of the patients showed long-term myeloid engraftment with the NiCord® expanded UCB only, and one patient had mixed chimer ism at 3 years after transplantation. 60 An important difference in the NiCord® trial from other trials is that AC133 + cells, which are known to have stemcell characteristics similar to CD34 + cells were selected for expansion from one UCB unit and the AC133 -cells were cryopreserved until transplant day, when they were co-infused with the expanded UCB. 60 As in other trials, an unmanipulated UCB was also infused (Figure 3) . 60 This trial is the first to show that an expanded product can have long-term engraftment in a majority of the patients treated. The biological effect of giving the nonselected AC133 -cells is unknown, although one could theorize that there might be cell populations (T cells and other accessory cells) that facilitate engraftment of the manipulated UCB (or even the unmanipulated UCB, in theory). Whether this approach facilitated the long-term engraftment with the NiCord® product is hard to know based on data from only 11 patients, but its significance in this regard will become more apparent when assessed with larger patient numbers.
SR1-mediated expansion
A study involving an image-based screen has identified a purine derivative, stem-regenin 1 (SR1), that promotes the ex vivo expansion of HSPC via engagement of the aryl hydrocarbon receptor. 61, 62 The high-throughput screen used CD34 + cells derived from primary human mobilized peripheral blood that were cultured in a serumfree medium supplemented with thrombopoietin, SCF, Flt3 ligand and IL-6. 61 These conditions alone generate robust proliferation, but are also usually accompanied by haematopoietic differentiation and loss of engraftment activity. The state of increased differentiation was visualized by the lack of maintenance of surface markers expressed on HSPC (CD34  + and CD133   +   ) . 61 Conversely, SR1-treated cultures were found to maintain their undifferentiated phenotype. 61 In addition, validating experiments revealed that SR1 induced a 670-fold increase in the total number of UCB-derived CD34 + cells after 21 days of culture compared with input cell numbers. 61 Biochemical labelling studies suggested that SR1 promoted sym metric cell divisions without the loss of HSPC function; cells cultured with SR1 for 21 days led to a 17-fold increase in the number of NOD/SCID repopulating cells compared with starting cells or control cultures, and the expanded population retained the ability to sustain multi-lineage r econstitution, as well as engraft in secondary recipients. 61 The double UCB platform is also being used for the first in-human study using SR1-mediated UCB expansion of positively selected CD34 + cells in patients with haematological malignancies undergoing a myeloablative preparative transplant. The strategy has been modified to infuse the CD34 -population previously collected and cryo preserved at the time the CD34 + cells were positively selected for expansion culture (Figure 3 ). This approach is based on the preclinical observation in NOD/SCID/gamma mice that expanded UCB cells had an improved long-term competitive advantage if the CD34 -cells were re-introduced. The trial is still accruing at the time of this Review.
Strategies to increase UCB HSPC homing
Before discussing homing-based strategies to increase the efficacy of UCB transplantation, we should note that attempts have been made to inject UCB HSPC directly into the bone-marrow space, which would obviate the need for cell homing to this niche. However, cells would still need to migrate from the injection site to other marrow spaces for complete haematopoietic reconstitution. Experiments in mice have shown that there might be an early (within 48 h) advantage to intra-marrow injection of cells, but no clear long-term engraftment advantage. 63, 64 Clinical trials testing intra-marrow injection have shown good engraftment rates, but the median time to engraftment remains >20 days. [65] [66] [67] Two studies have suggested that rates of GVHD are reduced with intra-marrow injection. 66, 67 The study authors hypothesize that immediate contact of UCB cells with osteoblasts and MSC alter their biology, although this hypothesis is yet to be proven in any model system.
SDF-1-CXCR4 axis manipulation
Stromal cell-derived factor-1 (SDF-1) is a chemokine originally discovered to be secreted in large amounts by in vitro cultured bone marrow stromal cells. Although not termed MSC at the time, these cells were isolated and cultured in a method similar to that used in MSC isolation. 68 The receptor for SDF-1 is CXC chemokine receptor 4 (CXCR4), which is expressed on a variety of cell types including MSC, endothelial and various subtypes of haematopoietic cells including most HSPC populations. Through CXCR4 engagement, SDF-1 is a potent in vitro Figure 3 | General schema of a double UCB transplant platform. Before transplant, one UCB unit is thawed and manipulated by either priming with an agent to affect homing on the day of transplant (1-2 h) or expanded for 7-21 days pre-transplantation. In the two most-recent trials of UCB expansion, one UCB unit will be thawed, followed by positive selection of the HSPC of interest (AC133 + or CD34 + cells) and subsequently expanded with NAM or SR1, respectively, for 21 days. The unselected AC133
-or CD34 -cell fraction is re-cryopreserved. After 5 days of preparative chemotherapy (typically), the unmanipulated UCB unit is infused, followed by the expanded UCB unit and then the thawed 'unselected' cells. Abbreviations: HSPC, haematopoietic stem and progenitor cells; NAM, nicotinamide; SR1, stem-regenin 1; UCB, umbilical cord blood. [68] [69] [70] [71] [72] The SDF-1-CXCR4 axis has been well established as an important mediator of HSPC homing to the bone marrow after transplantation, but is also important in the retention and maintenance of HSPC within the bone-marrow niche.
A key negative regulator of SDF-1-mediated migration is the cell-surface protein dipeptidyl peptidase 4 (DPP4), which is able to remove the N-terminal dipeptide from SDF-1, thereby decreasing its activity and reducing the ability of SDF-1 to recruit CXCR4-expressing cells. The effect of DPP4 inhibition was shown to increase the homing of human lin -or CD34 + cells to the bone-marrow compartment twofold to threefold after transplantation into NOD/SCID/B2m null mice. 73 Moreover, DPP4 has been shown to regulate the activities of several haematopoietic growth factors including CSF and G-CSF. 74 Therefore, inhibition of DPP4 positively affects not only cellular homing, but also the cellular growth signals g overning h aematopoiesis in a broader capacity. 74 Sitagliptin is an oral DPP4 inhibitor that is used to treat diabetes mellitus and might also hold the potential to augment HSPC homing. 75, 76 In a clinical trial, patients undergoing HSCT received 600 mg oral sitagliptin once daily from the day before transplantation to 2 days follow ing transplantation. 77 Importantly, after chemotherapeutic conditioning, patients received UCB that had been processed for red-cell depletion (RCD; n = 17) or plasma depletion (n = 7). Plasma-depleted units had 10-fold less CFU activity than the RCD units, and given that CFU activity is associated with engraftment, 10 these groups were analysed separately. 77 In the RCD group (16 evaluable patients), the median time to neutrophil engraftment was 21 days and the median time to platelet engraftment was 77 days. 77 As one might expect based on the lower CFU activity, the median time to neutrophil engraftment in the plasma depletion group was 36 days, despite sitagliptin treatment. 77 There were no unexpected toxic effects from sitagliptin or marked increases in GVHD rates. 77 Sitagliptin was able to suppress DPP4 activity by ~70-80%, although the effect was transient and return to baseline activity levels occurred within 16 h of administration. 77 A key finding was that, in the RCD group, DPP4 was substantially less active in the nine patients with neutrophil engraftment in ≤21 days than in the eight patients with engraftment in >21 days. 77 Although time to neutrophil recovery in this study was not markedly shortened, the findings do suggest that modulation of the SDF-1-CXCR4 pathway via DPP4 suppression is feasible and could potentially be a new modality to improve overall UCB engraftment. Future studies are needed to address the timing and dosage of sitagliptin to optimize DPP4 suppression.
Complement-mediated homing
The serum complement system is considered an arm of the innate immune system. Ratajczak and co-workers 78 showed that the complement cascade is activated during growth-factor-induced HSPC mobilization and that complement cleavage fragments play a part in the mobilization. Reca et al. 79 reported that UCB CD34 + cells express the C3a receptor (C3aR), and that C3a could enhance CD34 + -cell migration towards SDF-1 in vitro. In addition, UCB CD34 + cells pretreated with the C3aR antagonist SB290157 showed impaired homing after transplantation into NOD/SCID mice. 80 In fact, use of C3a to prime HSPC before transplantation might mimick a process that exists natively in the bone-marrow microenvironment to regulate steady state HSPC traffick ing, as bone marrow stromal cells have been shown to produce C3a and other complement factors. 81 A phase I clinical trial investigated the effect of priming UCB cells with C3a before transplanting them into nonmyeloablated patients with high-risk haemato logical malignancies. 82 The trial used a double UCB platform, in which one UCB unit was primed with C3a (this unit was the smaller unit transplanted in the first 22 patients) and the other unit was left unmanipulated. 82 No serious infusional toxicities occurred and median time to engraftment was 7 days, which was not significantly different from the time to engraftment of historical nonmyeloablative UCB transplant control patients. 82 Survival and mortality were not negatively affected by C3a priming. 82 Unfortunately, engraftment was skewed toward the C3a-primed UCB in only nine of 27 evaluable patients. In most patients, engraftment by the unmanipulated unit was predominant which may have been driven by the CD3 dose, a known predictor of engraftment. This clinical trial was the first to evaluate a strategy in which one UCB unit is primed by a compound to facilitate homing a priori, and although not robust in effect, it does provide data to help us better design the follow-up trials. For example, much of the C3a preclinical data was performed in the myeloablative setting, whereas the clinical trial was carried out using nonmyelo ablated recipients, 82 in whom C3a-primed cells might act differently. In addition, other variables in the priming process might need to be optimized in future trials, such as C3a concentration, incubation temperature (priming was carried out at room temperature) and duration of priming, all of which could have important roles in modulating homing.
Prostaglandin-mediated homing
North et al. 83 carried out a high-throughput screen of known biologically active agents in zebrafish and determined that a long-acting form of prostaglandin E2 (16,16-dimethyl-PGE 2 , or dmPGE 2 ) increased the native haematopoietic-stem-cell population. Follow-up studies in mice demonstrated that haematopoietic-cell engraftment was increased in transplantation assays if donor cells were exposed to PGE 2 before adoptive transplant. 83 Further studies showed that human UCB CD34 + cells expressed PGE 2 receptors and that dmPGE 2 enhanced the engraftment of UCB cells when transplanted into NOD/SCID mice, with increases in homing and HSPC expansion have contributing roles. 83, 84 Moreover, MSC were found to produce PGE 2 as an effector to inhibit T-cell activity, which accounted, in part, for some of the immuno suppressive qualities that MSC are known to retain. [85] [86] [87] It is not known whether PGE 2 is used directly by MSC to maintain haemato poiesis, but some in vitro data suggest that MSC enhance erythroid-cell p roduction via PGE 2 .
88
In the initial pilot study of prostaglandin-mediated homing, nine patients undergoing a reduced intensity double UCB transplant received a PGE 2 -primed UCB unit along with an unmanipulated UCB unit (separated by 4 h).
89 There was no difference in time to engraftment between recipients of PGE 2 -primed UCB and historical controls, nor was there a considerable contri bution to chimer ism by the primed unit. 89 Instead of abandoning this approach, the authors discovered that substantial optimization of temperature, time and media formulation was required for the most robust PGE 2 pathway activation. 89 A second cohort of patients undergoing a non myeloablative preparative regimen received a PGE 2 -primed UCB unit, processed using optimized conditions, along with an unmanipulated UCB unit (Table 2) .
89
Median time to neutrophil engraftment was 17.5 days for recipients of PGE 2 -primed UCB versus 21 days for historical controls. 89 Interestingly, 10 of the 12 patients engrafted 100% with the PGE 2 -treated unit, and mild GVHD occurred in only four of the 12 patients.
This study represents the first in which modulation of homing might have altered engraftment, although the engraftment advantage was only marginally signifi cant (P = 0.045). The fact that the engrafted cells were derived from PGE 2 -primed UCB in the majority of patients is intriguing, but as the authors point out, other potential explanations exist. 89 That the larger of the UCB units (based on pre-freeze analysis) in each case received PGE 2 priming, and that both TNC and CD34 + -cell dose are predictors of engraftment in the double UCB transplant setting, 10, 33 were foremost among these explanations.
However, the studies determining TNC and CD34 + -cell dose as predictors have often used post-thaw analyses, 10, 33 and in the PGE 2 study there was no significant difference in TNC and CD34 + -cell dose post-thaw between PGE 2 -primed units and unmanipulated units. 89 Future studies will involve larger cohorts of patients and possibly test PGE 2 -primed UCB in the myeloablative setting to learn if this initial positive data is maintained.
Predicting engraftment
The results of the UCB expansion clinical trials involving MSC or DLL1 have a common thread: although there was a decrease in the time to neutrophil engraftment as a result of the expanded UCB, long-term chimerism was obtained from the unexpanded UCB. A simple explanation for this result could be a lack of true HSPC expansion, and early myeloid recovery as a result of short-term repopulation of myeloid progenitor cells. Another possibility is that cell cycle also played a part, as HSPC that are quiescent (in G 0 ) engraft more efficiently and provide long-term immune reconstitution in both murine and human transplant models.
90,91 Short-term expansion of UCB intentionally drives the cell cycle to achieve high levels of proliferation, which might lead to engraftment only with transient potential. By contrast, the unmanipulated unit, which contains more cells in a quiescent phase than the expanded UCB, engrafts at a slower rate and p rovides long-term immune reconstitution.
Another possible explanation for preferential engraftment of the unmanipulated UCB unit is that the expanded unit is immune-compromised, as it contains few, if any, T cells. Previous studies have shown that CD3 chimersim can predict the overall engrafting UCB unit in double UCB transplants. 30 Expansion with DLL1 involved isolation of CD34 + cells beforehand, and the negative cells (including T cells) were discarded, with the resultant expanded UCB units containing a median of only 0.2% CD3 + T cells. The MSC-expanded UCB had almost no CD3 + T cells compared with the number in the unmanipulated UCB, which increases the possibility of immune rejection by the T-cell-replete unmanipulated unit. T cells and other cells might also provide unknown 'accessory' functions during engraftment. We know from trials in which only CD34 + -selected bone marrow cells are transplanted that graft failure and delayed immune reconstitution are considerable problems that can be somewhat ameliorated by giving an 'add-back' T-cell dose just after the CD34 + -cell transplant.
92-94
The add-back strategy is used in the trials of nicotinamide and SR1 expansion, in which the AC133 -and CD34 -cells, respectively, are to be cryo preserved and infused into the recipient after the expanded and unexpan ded UCB units are given. The biological effect of this strategy remains to be seen, but if appreciable long-term chimerism resulting from the expanded UCB unit is observed, it might suggest an important role for the unexpanded or unselected cells.
Looking ahead
In contrast to the findings of the original expansion strategies explored in the 1990s and early 2000s, it is now clear that primitive haematopoietic progenitors can be manipu lated and the engraftment process altered (Figure 4 ). UCB HSPC can be expanded using one of several unique approaches, although all rely on cytokine supplementation. Even more intriguing is that simple priming of UCB before transplantation might change engraftment dynamics, with the aim that HSPC homing is increased. Thus far, all of these methodologies seem to be safe, without any demonstrable adverse effects. Currently, expansion of UCB gives the best results in terms of robust early engraftment. However, there are limit ations to expansion-based strategies. First, a 10-14 day lead time is required for the expansion, which might not be acceptable for patients with high-risk malignancies and a tenuous remission status. Second, apart from the Nicord® trial, most of the patients in the prior two trials receiving an expanded UCB unit showed only short-term engraftment. That being said, one of the main causes of death after transplant is infection, and the expanded UCB unit as a transi ent population of myeloid cells could still provide clinical benefit. Studies in mouse models have shown that these myeloid cells can be functional and protect recipients against a viral or fungal infection.
95-97 Therefore, these strategies might be adequate to provide a clinical benefit, even without a long-term contribution of the expanded UCB unit to eventual engraftment. At this time, it is too early to know the 'functionality' of the manipulated UCB unit in transplant recipients, as the focus has been on time to n eutrophil recovery and not on function.
The limitation of homing-based strategies is that only a minimal (if any) decrease in time to engraftment has been observed thus far. Of interest is the combination of DPP4 inhibition and PGE 2 priming. Broxmeyer and Pelus 98 found that mice treated with sitagliptin and transplanted with PGE 2 -primed marrow had markedly better engraftment than those given either treatment alone. This finding suggests that a combination of strategies could be used, leading one to speculate that even priming an expanded product could increase long-term engraftment.
The next and more important questions to be answered are whether UCB manipulation can improve overall outcomes, in terms of survival from malignancy and/or reduction in mortality from infectious causes. To date, the published clinical trials have enrolled patient numbers too low to adequately address these points; therefore, larger trials are required. UCB selection algorithms take into account both HLA match and cell dose, often with a sliding scale supporting higher cell doses when using lesser matched units. 99 Although HLA type cannot be altered ex vivo, it is likely that within the next 5 years the field of UCB manipulation will mature to a point at which a single UCB can be expanded to give every recipient an optimal cell dose upon infusion. Data supporting a single UCB strategy comes from a clinical trial that compared single versus double UCB transplants in 224 children with malignancy. 100 When matched for age, HLA-match and disease, the outcomes were similar for relapse, diseasefree survival, infections, grade 2-4 acute GVHD and neutro phil recovery. 100 Data for adult patients is not available at present, but will be important to obtain, as the physical mass of adults is greater, resulting in relatively reduced cell doses for transplantation.
The development of reduced intensity or nonmyeloablative regimens in the past 15 years has enabled more patients to undergo transplant, while being spared from excess toxicity. One drawback of reduced intensity transplantation is an increased rate of graft failure. 101 Therefore, another ideal scenario for modifying UCB is one in which a patient gets a single manipulated UCB product that has high 'engraftment potential' to enable a reduction in the chemotherapeutic conditioning regimen and to overcome any barriers to engraftment.
Finally, the costs associated with UCB manipulation could be substantial. The cost of an individual UCB unit varies by the specific cell bank and according to the testing that has been undertaken. Best estimates range from US$34,000 to $59,000 for a single UCB unit, which could be doubled when performing a double UCB transplant. 102, 103 What is unknown is the cost of the products used currently to manipulate UCB. All the trials of UCB transplantation are being performed with pharmaceutical sponsorship under an investigational new drug application, and the market or retail price for any product has not been set. Certainly, products will have to compete against each other as well as against unmanipulated UCB. After proving their clinical effectiveness, cost-effectiveness will have to be demonstrated for each product, weighing the cost of the product against the total cost of hospital care for the patient. Ideally, one would want to see a reduction in in-patient hospital days, a decrease in infection rates and antibiotic use, less time spent in the intensive-care unit (a substantial cost)-all of which would contribute to a reduction in the morbidity associated with transplantation and result in better patient outcomes.
Conclusions
For the first time, the engraftment kinetics of UCB can be altered either through cell expansion or modulation of cell homing. The current standard of performing clinical trials to alter engraftment should use the double UCB transplant model-both for safety and to assess effectiveness. The ability to alter expansion or increase homing will be of greatest benefit to adult-sized patients weighing 60 kg or greater. By improving UCB performance one might be able to choose UCB units that provide a lower frozen cell dose, but are better HLA-matched. The true test of efficacy in the ability to decrease transplant related morbidity and mortality will be tested in the next g eneration of clinical trials. Shown are the median times to neutrophil recovery from published clinical trials testing UCB manipulation involving expansion mediated by MSC, TEPA, Notch and cytokines, and priming of UCB by C3a, PGE 2 and sitagliptin. Note that the trials of factors in the pink boxes were performed in patients receiving a reduced intensity conditioning regimen, whereas those in green boxes were performed in myeloablated patients. Abbreviations: MSC, mesenchymal stromal cells; PBSC, peripheral blood stem cells; PGE 2 , prostaglandin E2; TEPA, tetra-ethylenepentamine; UCB, umbilical cord blood.
Review criteria
All articles identified were English-language, full-text papers. The references chosen were based on the outcomes of pivotal clinical trials in which UCB was manipulated to enhance engraftment, either via expansion methodology or by priming to enhance homing. We also searched the reference lists of identified articles for further papers that reported the preclinical studies leading up to the clinical trials. Finally, basic science contributions to determe the mechanisms of each strategy were also reviewed in detail. 
